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Vertebrate	cells	require	a	very	narrow	pH	range	for	survival.	Cells	accordingly	possess	sensory	and	defense	
mechanisms	for	situations	where	the	pH	deviates	from	the	viable	range.	Although	the	monitoring	of	acidic	pH	
by	sensory	neurons	has	been	attributed	to	several	ion	channels,	including	transient	receptor	potential	vanilloid	1		
channel	(TRPV1)	and	acid-sensing	ion	channels	(ASICs),	the	mechanisms	by	which	these	cells	detect	alkaline	
pH	are	not	well	understood.	Here,	using	Ca2+	imaging	and	patch-clamp	recording,	we	showed	that	alkaline	
pH	activated	transient	receptor	potential	cation	channel,	subfamily	A,	member	1	(TRPA1)	and	that	activation	
of	this	ion	channel	was	involved	in	nociception.	In	addition,	intracellular	alkalization	activated	TRPA1	at	the	
whole-cell	level,	and	single-channel	openings	were	observed	in	the	inside-out	configuration,	indicating	that	
alkaline	pH	activated	TRPA1	from	the	inside.	Analyses	of	mutants	suggested	that	the	two	N-terminal	cysteine	
residues	in	TRPA1	were	involved	in	activation	by	intracellular	alkalization.	Furthermore,	intraplantar	injec-
tion	of	ammonium	chloride	into	the	mouse	hind	paw	caused	pain-related	behaviors	that	were	not	observed	
in	TRPA1-deficient	mice.	These	results	suggest	that	alkaline	pH	causes	pain	sensation	through	activation	of	
TRPA1	and	may	provide	a	molecular	explanation	for	some	of	the	human	alkaline	pH–related	sensory	disor-
ders	whose	mechanisms	are	largely	unknown.

Introduction
Living things survive in a narrow pH range to maintain delicate 
biological functions. Thus, it is likely that cells have sensitive 
systems for monitoring pH. It is well accepted that monitoring 
of acidic pH can be attributed to several ion channels, including 
transient receptor potential vanilloid 1 (TRPV1) and acid-sens-
ing ion channels (ASICs) (1, 2). However, alkaline pH monitor-
ing mechanisms are not well characterized, except for CatSper1 
in sperm (3), the activity of which is potentiated by intracellular 
alkalization during ejaculation.

There are many biological conditions that give rise to alkalinity, 
some of which are associated with pain sensations. Respiratory 
alkalosis due to hyperventilation, for instance, is known to cause 
tingling sensation in the extremities and to lower peripheral nerve 
thresholds (4, 5). High urinary pH and high blood ammonia con-
centrations were observed in patients with irritable bowel symp-
toms and urinary tract problems. These patients have recurrent vas-
cular headaches, and some complain of tingling sensations in the 
hands and feet (6). Moreover, chest pain is frequently experienced 
by patients having a pancreatic-pleural fistula with effusion of 
high-pH pancreatic fluids (7). Alkaline environmental insults to the 

cornea or nasal mucosa also cause defensive behaviors associated  
with pain (8–10) that are mediated by the trigeminal nerve (11).

Ammonium chloride (NH4Cl) increases intracellular pH without 
raising extracellular pH (12), and it has been reported that alkaline 
buffer or NH4Cl induces an increase in intracellular Ca2+ concen-
tration ([Ca2+]i) in some trigeminal neurons (13). The intracellular 
pH increase by ammonium salts  is  thought to be  induced by 
ammonia’s rapid diffusion into the cell, where most of it combines 
with protons (14). Meanwhile, ammonium salts were introduced 
for the relief of nerve root pain and intercostal neuralgia (15, 16), 
although pain intensity increased immediately after the injection 
of ammonium salts for approximately 30 minutes (16). Moreover, 
ammonia-induced intracellular alkalization was demonstrated 
with a microelectrode in barnacle muscle fiber and the squid axon 
(17, 18). However, molecular mechanisms for these abnormalities 
are poorly understood.

Transient receptor potential (TRP) channels were first described 
in Drosophila (19). In mammals, they now comprise 6 related pro-
tein families (TRPC, TRPV, TRPM, TRPA, TRPML, and TRPP) 
(20–22). TRP channels are well recognized for their contributions 
to sensory transduction, responding to a wide variety of stimuli, 
including temperature, nociceptive stimuli, touch, osmolarity, and 
pheromones. In particular, the involvement of TRP channels in 
nociception has been extensively studied following the cloning 
of the capsaicin (CAP) receptor TRPV1 (23, 24). TRPA1 belongs 
to the TRPA subfamily and has attracted attention for its poten-
tial role in nociception (25–27). There are increasing numbers of 
reports about the stimuli causing TRPA1 activation (25, 28–40). 
The fact that structurally unrelated compounds have the ability 
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to activate TRPA1 led two groups to conclude that some of the 
TRPA1 agonists share the ability to covalently bind cysteine resi-
dues of TRPA1 to activate it (41, 42). Moreover, intracellular Ca2+ 
was found to directly activate TRPA1 via binding to its putative EF 
hand–like motif in the cytoplasmic N-terminal region (38, 39).

We hypothesized that alkaline pH might act on TRP channels 
detecting nociceptive stimuli and speculated that TRPA1 might be 
the target, since a structurally similar nociceptive receptor, TRPV1, 
responds to acidic pH (2). In this study, we used Ca2+ imaging and 
patch-clamp methods to examine the ability of alkaline pH to 
activate TRPA1. We demonstrate that intracellular alkalization 
can activate TRPA1 in both heterologous expression systems and 
native sensory neurons.

Results
Intracellular alkalization activates TRPA1 in HEK293 cells expressing 
TRPA1. We first used a Ca2+ imaging method to examine whether 
alkaline pH could activate TRPA1 in vitro. An increase in [Ca2+]i was 
caused not only by a pH 8.5 Tris buffer solution (n = 37), but also 
by 5 mM ammonium chloride solution with a pH of 7.4 (n = 32)  
(Figure 1A). The latter had a greater effect than did Tris buffer 
solution in HEK293 cells expressing mouse TRPA1 in the presence 
of extracellular Ca2+. TRPA1 activity was confirmed upon applica-
tion of allyl isothiocyanate (AITC; 20 μM). Such a [Ca2+]i increase 
was never observed in the vector-transfected cells in response to 
either pH 8.5 Tris buffer solution or NH4Cl solution, suggesting 
that the [Ca2+]i increase was mediated by TRPA1 activation.

NH4Cl  is known to cause  intracellular alkalization without 
affecting  extracellular  pH  through  ammonia’s  binding  with 
protons in the cytosol (14, 17, 18), suggesting that the observed 
[Ca2+]i increase was caused by intracellular alkalization. There-

fore, we examined intracellular pH changes upon application 
of high-pH Tris buffer solution or NH4Cl solution using a fluo-
rescent pH dye, BCECF (a representative trace in response to 30 
mM NH4Cl or alkaline extracellular solution is shown in Supple-
mental Figure 1; supplemental material available online with this 
article; doi:10.1172/JCI35957DS1). Intracellular pH was slightly 
low under basal conditions, and it rose with increasing outside 
pH values or increasing amounts of NH4Cl (Figure 1, B and C, 
respectively). Extracellular NH4Cl caused a greater intracellular 
pH increase than did extracellular high-pH solutions in HEK293 
cells, as previously reported in other cell types (17, 18, 43, 44). The 
intracellular pH value in the pH 7.4 extracellular solution was 7.17, 
and it increased to 7.66 in the pH 10 extracellular solution (Figure 
1B). The intracellular pH value in the presence of 0.5 mM NH4Cl 
was 7.08, and it increased to 8.74 by addition of 100 mM NH4Cl 
(Figure 1C). The intracellular pH increases were 0.26 U for the pH 
8.5 Tris buffer solution and 0.68 U for the 5 mM NH4Cl solution. 
These results explain the greater [Ca2+]i increase in cells exposed 
to 5 mM NH4Cl solution and further suggest that TRPA1 is acti-
vated by intracellular alkalization. To address whether increases 
in [Ca2+]i induced by intracellular alkalization were specific to 
TRPA1, we examined the effects of pH 8.5 Tris buffer solution or 
5 mM NH4Cl solution on [Ca2+]i in HEK293 cells expressing other 
TRP channels (TRPV1, TRPV2, or TRPM8). These channels are 
expressed in sensory neurons and are thought to be involved in 
nociception or pain relief (25, 26, 45–50). Both conditions caused 
a [Ca2+]i increase in HEK293 cells expressing TRPA1 (n = 48 and 
n = 35 for pH 8.5 Tris buffer solution and 5 mM NH4Cl solution, 
respectively), but not in cells expressing TRPV1, TRPV2, or TRPM8 
(n = 123–196; Figure 1, D and E), indicating the specific action of 
intracellular alkalization on TRPA1.

Figure 1
TRPA1 mediates increases in [Ca2+]i following intracellular alkalization 
in HEK293 cells. (A) Tris buffer solution (pH 8.5) caused an increase 
in [Ca2+]i in HEK293 cells expressing mouse TRPA1 in the presence of 
extracellular Ca2+ (filled circles, n = 37), but not in cells expressing vec-
tor alone (filled squares, n = 22). Moreover, 5 mM NH4Cl also caused a 
[Ca2+]i increase (open circles, n = 32), but not in cells expressing vector 
alone (open squares, n = 23). Horizontal bars indicate the duration 
of applied stimulus. Ratio 340/380, ratio of fluorescence intensities of 
fura-2 emissions at 340 nm and 380 nm; sol., solution. (B) Tris buffer 
solution increased intracellular pH in HEK293 cells loaded with BCECF 
in a dose-dependent manner (n = 14–31). Tris buffer solution (pH 8.5)  
caused intracellular alkalization of pH 7.43. (C) NH4Cl increased 
intracellular pH in HEK293 cells loaded with BCECF in a dose-depen-
dent manner (n = 12–38). NH4Cl (5 mM) caused intracellular alka-
lization of pH 7.76. The data were fitted with the least-squares lin-
ear regression in B and C. (D) Tris buffer solution (pH 8.5) increased 
[Ca2+]i in HEK293 cells expressing TRPA1 (n = 35) but not in cells 
expressing TRPV1 (n = 123), TRPV2 (n = 165), TRPM8 (n = 184), or 
vector alone (control, n = 61). (E) NH4Cl (5 mM) increased [Ca2+]i in 
HEK293 cells expressing TRPA1 (n = 48), but not in cells expressing 
TRPV1 (n = 172), TRPV2 (n = 154), TRPM8 (n = 196), or vector alone 
(n = 67). *P < 0.05, **P < 0.01.
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In order to confirm that intracellular alkalization activates TRPA1 
channels, we performed whole-cell patch-clamp experiments in 
HEK293 cells expressing TRPA1. Intracellular alkalization with a 
pH 8 pipette solution evoked inward currents (at –60 mV) with 
an outwardly rectifying current-voltage (I-V) relationship revealed 
by ramp pulses from –100 to +100 mV every 5 seconds (n = 4;  
Figure 2A). A few minutes delay of current activation upon mak-
ing a whole-cell configuration can probably be explained by the 
time necessary for diffusion of the pipette solution into the cyto-
sol. Extracellular pH 9 Tris buffer solution evoked delayed small 
currents with an outwardly rectifying I-V relationship using the 
unbuffered pipette solution (6.7 ± 2.4 pA/pF, n = 8; Figure 2, B 
and C), but not using the pipette solution buffered with HEPES  

(1.1 ± 1.4 pA/pF, n = 8; Figure 2C), further indicating the impor-
tance of intracellular alkaline pH for TRPA1 activation.

In order to facilitate TRPA1 activation by intracellular alka-
lization, we used the unbuffered pipette solution in the follow-
ing experiments. NH4Cl (30 mM) in the pH 7.4 solution, which 
is known to cause intracellular alkalization, also evoked inward 
currents with an outwardly rectifying I-V relationship (n = 31; 
Figure 2D). TRPA1 activation by stimuli causing intracellular 
alkalization is supported by the similar responses obtained with 
AITC (20 μM) in the same cells (Figure 2, A, B, and D). The spe-
cific effect of intracellular alkalization on TRPA1 was further con-
firmed by experiments in which NH4Cl or alkaline pipette solu-
tion did not activate inward currents in vector alone–transfected 

Figure 2
Alkaline pH solution and NH4Cl activate TRPA1 in HEK293 cells. (A) A representative whole-cell current trace activated by pH 8 pipette solu-
tion or AITC (20 μM) in the presence of extracellular Ca2+ in HEK293 cells expressing TRPA1. The insets indicate representative I-V curves of 
pH 8 pipette solution– or AITC-activated currents showing an outward rectification. Holding potential (Vh), –60 mV. Horizontal bars indicate the 
duration of compound application. (B) A representative current trace activated by pH 9 Tris buffer solution or AITC (20 μM) using the unbuf-
fered pipette solution in the presence of extracellular Ca2+. The inset indicates a representative I-V curve of pH 9 Tris buffer solution–activated 
current showing an outward rectification. (C) Comparison of current densities activated by pH 9 Tris buffer solution using buffered (n = 8) or 
unbuffered (n = 8) pipette solution. *P < 0.05. (D) A representative current trace activated by 30 mM NH4Cl or AITC (20 μM) in the presence of 
extracellular Ca2+. The inset indicates a representative I-V curve of NH4Cl-activated current showing an outward rectification. (E) Comparison 
of times to maximum current responses evoked by pH 8 pipette solution (n = 4), pH 9 Tris buffer solution (n = 8), or 30 mM NH4Cl (n = 31) 
using unbuffered pipette solution. **P < 0.01.
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HEK293 cells (n = 3 or 3, respectively; data not shown) or HEK293 
cells expressing TRPV1 (n = 3 or 8, respectively; data not shown), 
which is consistent with the Ca2+ imaging data (Figure 1, D and E).  
The time course of TRPA1 activation in each condition indicates 
that NH4Cl more rapidly activates TRPA1 than extracellular or 
intracellular alkaline solution (Figure 2E), which is consistent with 
the rapid rise of intracellular pH by NH4Cl as shown in Supple-
mental Figure 1. Intracellular alkalization–induced inward cur-
rents were often desensitized during its application in the pres-
ence of extracellular Ca2+ (Figure 2, A and B), a property that has 
been previously reported (51). In light of this, we further charac-
terized the intracellular alkalization–induced TRPA1 currents in 
the absence of extracellular Ca2+. In this condition, 
TRPA1 currents were activated more slowly than in 
the presence of extracellular Ca2+ (Figure 3A). NH4Cl-
activated inward currents at –60 mV in the absence 
of extracellular Ca2+ had an activation threshold of 
about 1 mM and EC50 of 9.2 mM (Figure 3, B and C). 
The reversal potential of the I-V curve was 2.5 ± 2.8 
mV (n = 4), indicating the involvement of the open-
ing of a nonselective cation channel. These properties 
are identical to those reported for TRPA1 currents 

evoked by known stimuli including isothiocyanate and thiosul-
finate compounds (28, 29).

Both ruthenium red (RR; 10 μM) and camphor (5 mM) caused 
almost complete inhibition of NH4Cl-induced TRPA1 currents 
(85.8 ± 5.7% inhibition, n = 4 with RR; 98.4 ± 0.5%, n = 4 with cam-
phor; Figure 4, A and B) as previously reported (52, 53). A pH 9 
pipette solution did not activate TRPA1 currents in the presence of 
either RR (n = 5; Figure 4C) or camphor (n = 3; Figure 4D), whereas 
large current activation was observed upon washout of the com-
pounds. These pharmacological properties further support the 
notion that TRPA1 is activated by intracellular alkalization.

To examine whether intracellular alkaline pH activates TRPA1 
in  a  membrane-delimited  fashion,  we  performed  single-chan-
nel recordings with an inside-out configuration in HEK293 cells 
expressing TRPA1. Basal TRPA1 activity was observed when an 
excised inside-out patch membrane was exposed to a pH 7.4 bath 
solution at the pipette potential of –60 mV (membrane potential of 
+60 mV; Figure 5, A and B). A similar property had been previously 
reported (51). Increasing bath pH to 8.0 or 8.5 increased the channel 
opening in a pH-dependent manner (Figure 5, A–C), indicating the 
existence of alkalization-induced activation of the ion channels in 
the membrane patch excised from HEK293 cells expressing TRPA1. 
Single-channel activation by alkalization was never observed in the 
vector-transfected HEK293 cells (Figure 5D), indicating TRPA1 
activation by alkaline pH at a single-channel level. The calculated 
unitary conductance in the KCl bath and NaCl-based pipette solu-
tions was 72 ± 1 picosiemens (pS) at +60 mV (n = 6), and a similar 

Figure 3
Intracellular alkalization activates TRPA1 in HEK293 cells. (A) Com-
parison of times to maximum current response evoked by 30 mM 
NH4Cl using unbuffered pipette solution in the presence (n = 31) or 
absence (n = 6) of extracellular Ca2+. **P < 0.01. (B) A representative 
current trace activated by NH4Cl (stepwise increases of concentra-
tions) using unbuffered pipette solution in the absence of extracellular 
Ca2+. (C) A dose-dependent profile of NH4Cl-activated TRPA1-medi-
ated currents fitted with a Hill equation. The threshold was about 1 mM, 
and the EC50 value was 9.2 mM. Membrane currents were normalized 
to the current activated by 30 mM NH4Cl in each cell (n = 6).

Figure 4
TRPA1 antagonists inhibit the currents activated by 
intracellular alkalization in HEK293 cells expressing 
TRPA1. (A and B) Representative traces of NH4Cl-acti-
vated currents that were inhibited by RR (10 μM, A) 
or camphor (5 mM, B) in the presence of extracellular 
Ca2+. (C and D) Representative traces of pH 9.0 pipette 
solution–activated currents that were inhibited by RR 
(10 μM; C) or camphor (5 mM; D) in the presence of 
extracellular Ca2+.
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value was observed for AITC-activated currents (73 ± 3 pS, n = 5; 
Figure 5E). These properties at a single-channel level support the 
idea that TRPA1 can be activated by alkaline pH directly or through 
the mechanisms retained even in a small excised patch membrane. 
Alkaline pH–dependent activation of TRPA1 was more clearly rec-
ognized when NPo (channel number × open probability) values 
were plotted against pH, where the NPo values were significantly 
increased upon pH increase (Figure 5F).

Intracellular alkalization activates TRPA1 in sensory neurons. To con-
firm the effect of intracellular alkalization on TRPA1 activation in 
native sensory neurons, we performed Ca2+ imaging and whole-cell 
patch-clamp experiments using isolated mouse dorsal root gan-
glion (DRG) neurons. NH4Cl (10 mM) induced increases in [Ca2+]i 
in cells, which responded to both AITC (20 μM) and CAP (1 μM; 
Figure 6A), as observed above in HEK293 cells (Figure 1A), indi-
cating that cells expressing both TRPA1 and TRPV1 respond to 
NH4Cl. Intracellular pH rose with increasing amounts of NH4Cl, 
as determined with the fluorescent pH dye BCECF (Figure 6B), as 
found above in HEK293 cells (Figure 1C). Moreover, NH4Cl (10 
mM) evoked action potentials (n = 5; Figure 6C) and inward cur-

rents in some of the small-diameter DRG neurons (18.6 ± 1.2 pF, 
n = 20; Figure 6D). In the whole-cell patch-clamp experiments, the 
second responses were often quite small due to desensitization, 
as we performed the experiments in the presence of extracellular 
Ca2+ in order to maintain giga-ohm seals. The NH4Cl-sensitive 
cells also responded to both AITC (20 μM) and CAP (1 μM, n = 5;  
Figure 6D), suggesting that NH4Cl-sensitive cells express both 
TRPA1 and TRPV1. These findings are consistent with the notion 

Figure 5
Properties of single-channel currents of TRPA1 activated 
by intracellular alkaline pH in the inside-out configura-
tion. (A) A representative alkaline buffer–activated single-
channel current trace in a patch excised from a HEK293 
cell expressing TRPA1. Vh (pipette), –60 mV. (B and C) 
Expanded single-channel current traces from A. Broken 
lines indicate 0, 1, 2, 3, and 4 channel open levels. (D) A 
representative single-channel current trace upon exposure 
to pH 8.0 solution in a patch excised from a HEK293 cell 
transfected with vector alone. (E) A representative single-
channel current trace upon exposure to AITC (20 μM) in 
a patch excised from a HEK293 cell expressing TRPA1 
(NPo, 2.80 ± 0.12; n = 10). (F) NPo values (calculated from 
data shown in A) plotted against bath pH values (n = 10). 
NPo values for the currents at pH 7.4, 8.0, and 8.5 were 
0.94 ± 0.09, n = 10; 2.44 ± 0.18, n = 10; and 4.01 ± 0.33,  
n = 10, respectively. **P < 0.01.

Figure 6
Intracellular alkalization causes an increase in cytosolic Ca2+ con-
centration and activates inward currents in mouse DRG neurons. 
(A) NH4Cl caused an increase in [Ca2+]i in a WT mouse DRG neuron  
(n = 10). Horizontal bars indicate the duration of applied stimulus. (B) 
NH4Cl increased intracellular pH in WT mouse DRG neurons loaded 
with BCECF in a dose-dependent manner (n = 15–24). (C) A repre-
sentative whole-cell voltage trace upon application of NH4Cl (10 mM) 
in a WT mouse DRG neuron. (D) A representative whole-cell current 
trace activated by AITC (20 μM), NH4Cl (10 mM), or CAP (1 μM) in a 
WT mouse DRG neuron. Vh, –60 mV. Bars indicate duration of the 
compound application. (E) A representative current trace from a WT 
mouse DRG neuron responding to CAP but not to NH4Cl or AITC. (F) 
A representative current trace from a TRPA1-deficient mouse DRG 
neuron responding to CAP but not to NH4Cl or AITC. In order to main-
tain giga-ohm seals, patch-clamp experiments on DRG neurons were 
performed in the presence of extracellular Ca2+ for all experiments.
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that TRPV1-positive cells express TRPA1 (27, 54). These results 
strongly suggest that intracellular alkalization activates TRPA1 in 
native sensory neurons.

None of the NH4Cl-insensitive neurons responded to AITC 
(n = 9), although many did respond to CAP (n = 6, 67%; Figure 
6E). Those cells are thought to express TRPV1 but not TRPA1. 
In these experiments with isolated mouse neurons, 25 of 96 cells 
(26%) responded to NH4Cl. Moreover,  in DRG neurons from 
TRPA1-deficient mice, none of the CAP-sensitive cells respond-
ed to either NH4Cl or AITC (n = 25; Figure 6F). Taken together, 
these results clearly indicate that intracellular alkalization acti-
vates TRPA1 in DRG neurons.

Two cysteine residues of TRPA1 confer sensitivity to alkaline pH. It has 
been recently shown that TRPA1 is activated by reversible cova-
lent modification of N-terminal cysteine residues by structur-
ally unrelated compounds (41, 42). In order to examine whether 
TRPA1 activation by intracellular alkalization requires its N-ter-
minal cysteine residues, we mutated 2 cysteines in mouse TRPA1 
(C422 and C622)  to serines and tested responsiveness of  the 
mutant (TRPA1-2C) to 100 μM cinnamaldehyde (CA) or 20 μM 
AITC using a patch-clamp method. We first confirmed that the 
mutant TRPA1-2C responded to 500 μM 2-aminoethoxydiphenyl 
borate (2-APB) but not to 100 μM CA (n = 3; Figure 7A), which 
indicated that the 2 cysteine residues were involved in CA-induced 
but not 2-APB–induced TRPA1 activation. The TRPA1-2C mutant 
exhibited small current responses to 20 μM AITC (Supplemental 
Figure 2), suggesting that covalently modified residues might be 
different depending on the compounds. Intracellular alkaliza-
tion by 10 mM NH4Cl (n = 4; Figure 7B) or with a pH 9 pipette 

solution (n = 6; Figure 7C) did not evoke any inward currents at 
–60 mV in cells expressing TRPA1-2C, whereas 2-APB activated 
the mutant TRPA1 in the same cells (Figure 7, B and C). These 
results indicated that the 2 N-terminal cysteine residues were nec-
essary for TRPA1 activation by intracellular alkalization, probably  
through covalent modification.

Note that TRPA1 activation by alkaline pH was observed in the 
inside-out single-channel recordings (Figure 5, A and C) and that 
the activation involved 2 cysteine residues (Figure 7, B and C) 
that were reportedly covalently modified (41, 42). These observa-
tions suggest the possibility that there are molecules that have 
the ability to activate TRPA1 through action on the cysteine resi-
dues and are retained even in the excised patch membrane; and 
that alkalization enhances the molecules’ action. This hypoth-
esis is supported not only by the fact that cysteines can be easily 
oxidized under alkaline conditions, but also by experiments in 
which stepwise alkalization potentiates TRPA1 responses evoked 
by 20 μM AITC (Figure 7D) or 4-hydroxy-2-nonenal (Supplemen-

Figure 7
Involvement of the 2 N-terminal cysteine residues of mouse 
TRPA1 in its activation by intracellular alkalization. (A) A rep-
resentative whole-cell current trace in response to CA (100 
μM) or 2-APB (500 μM) in a cell expressing TRPA1-2C mutant 
(C422S, C622S) in the presence of extracellular Ca2+. Vh,  
–60 mV. Bars indicate duration of the compound applica-
tion. (B) A representative current trace in response to NH4Cl 
(10 mM) or 2-APB (500 μM) in a cell expressing mutant 
TRPA1-2C. (C) A representative current trace in response to 
intracellular pH 9 Tris buffer solution or extracellular 2-APB 
(500 μM) in a cell expressing the mutant TRPA1-2C. (D) A 
representative current trace of WT TRPA1 activated by AITC 
(20 μM) in the bath solution with different pH values.

Figure 8
Pain-related behaviors induced by NH4Cl injection into mouse hind 
paws. (A) The time spent licking or biting induced by injection of NH4Cl 
(100 mM) with or without RR (100 μM) for 10 minutes in WT mice (n = 9)  
or with saline as a control (n = 6). **P < 0.01 versus treatment with 
NH4Cl alone. (B) Time course of licking or biting induced by injection 
of NH4Cl (100 mM) for 10 minutes in WT (n = 8) or TRPA1-deficient 
(TRPA1-KO) mice (n = 5). †P < 0.01. (C) The time spent licking or biting 
induced by injection of NH4Cl (100 mM) for 10 minutes in WT (n = 8)  
or TRPA1-deficient mice (n = 5). †P < 0.01.
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tal Figure 3), both of which are known to act on the cysteine resi-
dues activating TRPA1 (41, 42, 55).

NH4Cl causes pain-related behaviors in mice through TRPA1 activation. 
If intracellular alkalization can activate TRPA1, it is reasonable to 
hypothesize that the condition may also cause pain-related behav-
iors when administered in vivo. To investigate this, we examined 
the effects of NH4Cl injected into the mouse hind paw. Intraplan-
tar injection of NH4Cl with pH 7.4 (100 mM, 20 μl) caused lick-
ing or biting reactions in mice, which were viewed as pain-related 
behaviors (Figure 8A). These reactions were significantly reduced 
by the concomitant application of RR (100 μM, 20 μl) and never 
observed in mice injected with saline (Figure 8A). When the time 
courses of these reactions were analyzed, the pain-related behaviors 
occurred significantly more often in the first 3 minutes after injec-
tion (Figure 8B). No apparent swelling was observed in the inject-
ed hind paw until 1 hour after injection (data not shown). Fur-
thermore, such NH4Cl-evoked pain-related behaviors were rarely  
observed in the TRPA1-deficient mice (Figure 8, B and C). These 
results suggest that NH4Cl evokes acute pain behavior rather than 
inflammation or hypersensitivity through TRPA1 activation.

Discussion
In the present study, both Ca2+ imaging and patch-clamp experi-
ments showed that intracellular alkalization could activate TRPA1 
in  a  pH-dependent  manner  in  both  HEK293  cells  expressing 
TRPA1 and mouse sensory neurons. Involvement of TRPA1 acti-
vation by intracellular alkalization in nociception was confirmed 
in mice at the behavioral level.

Mechanism of TRPA1 activation by intracellular alkalization. The 
properties of intracellular alkalization–evoked responses of TRPA1 
were similar to those occurring in response to known chemical 
stimuli for TRPA1. Although the calculated conductance of the 
activated currents at the single-channel level was a little smaller 
than those reported previously (42, 56), the alkalization- and 
AITC-evoked activation values were not different in our experi-
ments (Figure 5). These similarities indicate that intracellular 
alkalization activates TRPA1 in the same way as known TRPA1 
chemical stimuli. Moreover, considering that the pKa value of the 
SH in cysteine is 8.37 (57), intracellular alkalization around such 
a pH range might lead to easy access of cysteine-modifying com-
pounds through its deprotonation. The data shown in Figures 
5 and 7 suggest the existence of endogenous activators that can 
be retained in the excised patch membrane and whose ability to 
activate TRPA1 is largely enhanced in intracellular alkalization. 
Candidate molecules are expected to act on intracellular cysteine 
residues such as 4-hydroxy-2-nonenal, an endogenous aldehyde 
that has been reported to work as a TRPA1 activator through 
covalent modification (55). Basal TRPA1 currents observed prior 
to exposure to alkaline solution in the inside-out configuration 
(Figure 5) appear to support this idea. The candidate molecules 
might act on the cysteine-containing motifs through mechanisms 
other than cysteine modification. Alternatively, pH-dependent 
release of the membrane lipid-derived substances could act on 
the cysteines to activate TRPA1.

It is controversial whether single-channel openings of TRPA1 can 
be observed with some of the reported stimuli, including AITC, in 
the inside-out configuration. Kim and Cavanaugh reported that 
inorganic polyphosphates were necessary as intracellular factors 
for TRPA1 activation and they did not observe any single-channel 
openings in the inside-out configuration without inorganic poly-

phosphates (56). However, we consistently observed TRPA1 activi-
ties in the inside-out configuration with KCl-based bath solution 
without addition of polyphosphates, as reported elsewhere (39). 
We are unable to definitively explain this apparent discrepancy 
among studies. It is possible that inorganic polyphosphate-like 
substances, if necessary, might be retained in the excised patch 
membrane that is pulled in the patch pipette upon making the 
inside-out configuration.

NH4Cl causes a rapid rise in intracellular pH and then evokes an 
inward current and an increase in [Ca2+]i in HEK293 cells express-
ing TRPA1 channels (Supplemental Figure 1; and Figures 1 and 2). 
This latency raises the possibility that TRPA1 is activated by the 
increase in [Ca2+]i, as reported previously (38, 39), which may be 
caused by NH4Cl or alkaline solution. Although an intracellular 
alkalization induced by NH4Cl is known to increase Ca2+ release 
from intracellular pools in several cell types (58–60), 5 mM NH4Cl 
or pH 8.5 Tris buffer solution in the absence of extracellular Ca2+ 
did not cause any increase in [Ca2+]i in HEK293 cells expressing 
TRPA1 channels (Supplemental Figure 4). Moreover, the time 
course of activation and the magnitude of inward currents evoked 
by 30 mM NH4Cl were not affected by Ca2+ concentration in the 
pipette solution (Supplemental Figure 5). These results indicate 
that  TRPA1  activation  by  intracellular  alkalization  does  not 
involve direct activation by intracellular Ca2+ through binding 
to a putative EF hand–like motif in the cytoplasmic N-terminal 
region of TRPA1 (38, 39).

Alkaline pH causes pain sensation through activation of TRPA1. TRPA1 
was initially cloned as a channel activated by cooling below 17°C 
and was expressed in a subset of TRPV1-positive nociceptive neu-
rons (27). It appeared to be an attractive candidate to act as a ther-
mosensor in the noxious cold range. However, a number of recent 
conflicting results  including the ones using TRPA1-deficient 
mice suggest that the role of TRPA1 in cold sensation is currently 
debatable (25, 26, 29, 61). It is well accepted that heterologously 
expressed TRPA1 channels, apart from their potential ability to 
be activated by cold temperature, can be activated by several sub-
stances, such as isothiocyanate and thiosulfinate compounds, 
which constitute the pungent ingredients of mustard oil and gar-
lic, respectively (28–31). Furthermore, such TRPA1 activation has 
been observed in native sensory neurons (28–31). As shown in the 
behavioral experiments, NH4Cl has the ability to evoke pain-relat-
ed behaviors through TRPA1 activation (Figure 8). NH4Cl caused 
intracellular alkalization and evoked action potentials in DRG 
neurons (Figure 6, B and C). A pH response profile generated by 
the combination of results in Figure 1C and Figure 3C indicates 
that the apparent EC50 pH causing TRPA1 activation is around 
8.0 (Supplemental Figure 6), a value attainable under pathological 
conditions (7). These results suggest that intracellular alkalization 
caused by NH4Cl induces pain-related behaviors in mice.

It  is  well  documented  that  several  pathological  conditions 
(inflammation or sudden cessation of blood flow) cause pain sen-
sation through tissue acidification (62) and that TRPV1 activation 
is involved in some of these responses (23, 24). Tissues seem to be 
less frequently exposed to alkaline than acidic conditions. How-
ever, there are several alkalization-related situations that might be 
related to pain sensation. For example, vaporized ammonia causes 
pain sensation when the cornea and the nasal mucosa are exposed 
(9, 10). Consistent with the notion that almost all the neurons 
expressing TRPA1 also express TRPV1 (27, 54), nociceptors in the 
avian trigeminal mucosa respond to both alkaline (ammonia) and 
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acidic (acetic acid vapor, CO2) stimuli (63), and isolated rat trigem-
inal ganglion neurons that responded to 5 mM NH4Cl exhibited 
current activation in response to acidic solution (64). In addition, 
leakage of pancreatic fluids with a pH of 8.0 reportedly causes pain 
sensations (7), and respiratory alkalosis and high blood pH caused 
by urinary tract infection induce tingling sensations (4–6). Fur-
thermore, it is well known that some alkaline compounds induce 
pain sensation immediately upon intravenous application in the 
clinical setting. Therefore, it is intriguing to speculate that those 
pain sensations might be induced through TRPA1 activation.

It has been reported that abdominal pain is often accompanied 
by a rise in ammonia levels in peritoneal fluid (65). Injection of 
ammonium  salts  into  peripheral  nerve  induces  a  short-term 
increase in pain intensity resulting in prolonged pain relief, which 
might  be  explained  by  TRPA1  activation  and  desensitization 
(15, 16), respectively, a phenomenon that is well documented in 
TRPV1. These previous studies suggest the possibility that TRPA1 
is activated by high ammonia concentration and thereby detects 
changes in physiological conditions. More detailed analyses using 
TRPA1-deficient mice should provide insights into the mecha-
nisms of nociception or pain relief caused by alkaline conditions.

Methods
Animals. Male C57BL/6 mice (4–5 weeks old; SLC) were used. Mutant TRPA1-
null mice were generously provided by D. Julius (UCSF, San Francisco, 
California, USA). They were housed in a controlled environment (12-hour 
light/12-hour dark cycle; room temperature, 22–24°C; 50%–60% relative 
humidity) with free access to food and water. All procedures involving the 
care and use of animals were approved by the National Institute for Physi-
ological Science and carried out in accordance with the NIH Guide for the care 
and use of laboratory animals (NIH publication no. 85-23. Revised 1985).

Cell culture. HEK293 cells were maintained in DMEM (supplemented 
with 10% FBS, penicillin, streptomycin, and l-glutamine) and seeded at a 
density of 5 × 105 cells per 35-mm dish 24 hours before transfection. Cells 
were transfected using 1 μg of mouse TRPA1 (a gift from A. Patapoutian, 
The Scripps Institute, La Jolla, California, USA), rat TRPV1, rat TRPV2, 
or rat TRPM8 cDNA (a gift from D. Julius) with Lipofectamine and Opti-
MEM I Reduced Serum Medium (Invitrogen) as described previously (23). 
For patch-clamp experiments, cells were cotransfected with these plasmids 
and GFP in pcDNA3.1 (transfection efficiency was around 50%). Green flu-
orescence from cells expressing GFP was detected with the aid of a Nikon 
microscope equipped with a mercury lamp light source and a GFP filter 
(emission wavelength, 510 nm). Primary cultures of mouse DRG neurons 
from male C57BL/6 mice (4 weeks of age) were incubated in medium 
(MEM supplemented with 10% FBS, penicillin, streptomycin, and l-glu-
tamine) containing nerve growth factor (100 ng/ml). Cells were reseeded 
on coverslips coated with (for DRG neurons) or without (for HEK293 
cells) poly-d-lysine. For patch-clamp experiments, small-diameter neurons  
(16.1 ± 0.6 pF, n = 96) were chosen.

TRPA1 mutants. A double cysteine mutant of mouse TRPA1 (TRPA1-2C) 
was generated by cysteine-serine substitutions at C422 and C622, residues 
that are thought to be covalently modified by several agonists (42). These 
mutations were made using a modified QuickChange Site-Directed Muta-
genesis method (Stratagene). Briefly, PCR was performed using 2 residues 
of mouse TRPA1 expression vector divided at the ClaI (New England Bio-
Labs) site as templates (the former for C422S, the latter for C622S), 2 syn-
thetic oligonucleotide primers containing specific mutations (C422S-S and 
AS, 5′-CATTATGCCTCTAGGCAGGGG-3′ and 5′-CCCCTGCCTAGAG-
GCATAATG-3′; C622S-S and AS, 5′-CCCGAGTCCATGAAAGTTCTT-3′ 
and 5′-AAGAACTTTCATGGACTCGGG-3′), and primeSTAR HS DNA 

polymerase (TAKARA). The PCR products were digested with DpnI (New 
England BioLabs) at 37°C for 1 hour and transformed into DH5α com-
petent cells. The entire sequence including desired substitution in the 
mutants was confirmed. TRPA1-2C mutant was constructed by combining 
these 2 mutants at the ClaI site.

Electrophysiology. Fura-2 or BCECF fluorescence was measured in stan-
dard bath solution containing 140 mM NaCl, 5 mM KCl, 2 mM MgCl2,  
2 mM CaCl2, 10 mM HEPES, and 10 mM glucose at pH 7.4 (adjusted with 
NaOH). The ratio of florescence intensities obtained with fura-2 emissions 
at 340 nm and 380 nm or with BCECF emissions at 488 nm and 440 nm 
are shown. The calibration of the fluorescence values (BCECF) versus pH 
was made using nigericin in K+ solution, as described by Thomas et al. (66). 
The standard bath solutions for patch-clamp experiments were the same 
as used for fluorescence measurements. To make a Ca2+-free bath solu-
tion, CaCl2 was omitted and 5 mM EGTA added. Buffered pipette solu-
tion contained 140 mM KCl, 5 mM EGTA, and 10 mM HEPES at pH 7.4 
(adjusted with KOH), and unbuffered pipette solution contained 140 mM 
KCl, 0.5 mM EGTA, and 10 mM mannitol at pH 7.4 (adjusted with KOH). 
For inside-out single-channel recordings, the bath solution contained 140 
mM KCl, 5 mM EGTA, and 10 mM HEPES at pH 7.4 (adjusted with KOH), 
and the pipette solution was the bath solution used for the fluorescence 
measurement. Data from whole-cell voltage-clamp recordings were sam-
pled at 10 kHz and filtered at 5 kHz for analysis (Axon 200B amplifier with 
pCLAMP software; Axon Instruments). Voltage ramp pulses from –100 mV 
to +100 mV (500 ms) were applied every 5 seconds to generate an I-V curve. 
Data from whole-cell current-clamp recordings were sampled at 100 Hz 
and filtered at 5 kHz for analysis. Whole-cell patch-clamp recordings and 
Ca2+ imaging experiments were performed 1 or 2 days after transfection 
of HEK293 cells or isolation of DRG neurons. All the experiments were 
performed at room temperature (25°C).

Behavioral studies. Mice were placed individually in transparent cages 
(19.5 × 12 × 12 cm) for 1 hour before experiments. Twenty microliters 
of NH4Cl (100 mM) was injected intraplantarly into the right hind paw. 
The time spent licking and biting the injected paw was measured for  
10 minutes after injection. In some experiments, RR (100 μM) was coad-
ministered with NH4Cl.

Chemicals. NH4Cl was obtained from Wako, and 4-hydroxy-2-nonenal 
was from Calbiochem. The other chemicals were from Sigma-Aldrich.

Statistics. Data are expressed as mean ± SEM. Student’s t test was used to 
compare the data between 2 groups, and 1-way ANOVA followed by the 
2-tailed multiple t test with Bonferroni correction was used for multiple 
comparisons of control and treated groups. P values less than 0.05 were 
considered significant.
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